To review present knowledge of intracellular mechanisms and molecular regulation of muscle cachexia.
Muscle cachexia is a common metabolic response to several disease states seen in surgical patients, including sepsis, severe injury, renal failure, and cancer. Although not identical, the intracellular mechanisms and molecular regulation of muscle atrophy are similar in many of these conditions. The catabolic response in skeletal muscle is important from a clinical standpoint for several reasons. During the early phase of muscle cachexia, the release of amino acids from muscle tissue may be beneficial to the organism because it provides the liver, intestinal mucosa, and probably other tissues as well with amino acids for gluconeogenesis and acute-phase protein synthesis and provides an important energy source for enterocytes and cells in the immune system. [1] [2] [3] Prolonged and severe muscle cachexia, however, has significant deleterious consequences and results in muscle wasting and weakness, delaying or preventing ambulation and rehabilitation in catabolic patients. When the respiratory muscles are involved, prolonged ventilatory support may be needed and pulmonary complications, including pneumonia from aspiration, may develop. 4 In patients with cancer, weight loss and muscle cachexia may be the first manifestations of the disease. In addition, there is evidence that the response to chemotherapy is impaired in patients with cachexia. 5 It has been estimated that almost one third of deaths in patients with cancer are related to muscle catabolism and weakness, particularly if the respiratory muscles are involved. 6 An understanding of the mechanisms and molecular regulation of muscle cachexia, therefore, has important implications for the care of surgical patients.
Although reduced protein synthesis and inhibited uptake of amino acids contribute to the catabolic response in skeletal muscle, increased protein breakdown, in particular breakdown of the myofibrillar proteins actin and myosin, is the most important mechanism of muscle cachexia. 7, 8 Intracellular protein degradation is regulated by multiple pro-teolytic pathways, including lysosomal, energy-ubiquitindependent, and calcium-calpain-dependent mechanisms. 9 A relatively large number of studies have been published in recent years providing evidence that the ubiquitin-proteasome pathway plays an important role in the development of muscle cachexia in sepsis, 10 -12 severe injury, including burn injury, 13, 14 renal failure, 15 and cancer. 16, 17 It is the purpose of this review to provide current knowledge of the mechanisms involved in the regulation of muscle cachexia. In particular, recent evidence suggesting that calcium-calpain-mediated release of myofilaments from the sarcomere may be an initial and perhaps rate-limiting step in muscle cachexia will be discussed. First, however, recent observations, including those in human muscle, regarding the ubiquitin-proteasome pathway and different enzymes and mechanisms involved in the ubiquitination of muscle proteins are reviewed.
PROTEIN UBIQUITINATION AND DEUBIQUITINATION
The ubiquitin-proteasome pathway and its role in the regulation of muscle proteolysis were described in recent review articles from this and other laboratories 9,18 -20 and will therefore be discussed only briefly here. Proteins degraded by this mechanism are first conjugated to multiple molecules of ubiquitin, which is a 76-amino acid, 8.5-kDa residue, highly conserved and present in all eukaryotic cells. Ubiquitinated proteins are recognized and degraded by the large proteolytic 26S proteasome. The catalytic core of the 26S proteasome is the 20S proteasome, a barrel-shaped particle consisting of four stacked rings with seven subunits in each ring. 21, 22 The 19S capping protein, attached to the end of the 20S proteasome, recognizes, binds, and unfolds ubiquitinated proteins that are subsequently funneled through the central channel of the 20S proteasome and hydrolyzed. A more detailed description of the 26S proteasome and its various components can be found elsewhere. 23 Ubiquitination of proteins is regulated by at least three different enzymes: ubiquitin activating enzyme, E1; ubiquitin conjugating enzyme, E2; and ubiquitin ligase, E3. The structure of the ubiquitin system is hierarchical in that a single E1 carries out activation of ubiquitin for all modifications, whereas substrate and tissue specificity are accounted for by different E2s and E3s. Individual E2s work in concert with specific E3s, which in turn have substrate specificity. A simplified scheme of the ubiquitin-proteasome pathway 24 and the different steps involved in the ubiquitination of proteins are depicted in Figure 1 . Note that energy (ATP) is needed at multiple steps during the process.
Recent studies suggest that the 14-kDa ubiquitin conjugating enzyme E2 14k and the ubiquitin ligase E3␣ are particularly important for the degradation of muscle proteins. [25] [26] [27] In studies from this laboratory, the gene expression of E2 14k 28 and E3␣ 29 was upregulated in septic muscle, supporting the concept that ubiquitination of muscle proteins is increased during sepsis. Additional evidence for an increased rate of ubiquitination of proteins in cachectic muscle was found in other experiments. 30 As illustrated in Figure 1 , ubiquitin is released from the substrate protein after its degradation, and because ubiquitin is a stable protein, it can be recycled in the proteolytic pathway. The deubiquitination process is highly regulated by several deubiquitinating enzymes that actually make up the largest known family in the ubiquitin system. 31 Recent studies suggest that the deubiquitination may influence the breakdown rate of ubiquitinated proteins. 31 This process, therefore, offers an additional point of regulation of the ubiquitin-proteasome pathway. The influence of sepsis, injury, cancer, and other catabolic conditions on deubiquitination of muscle proteins is not known but is an important area for future studies.
THE N-END RULE PATHWAY
In addition to the activity of enzymes involved in the ubiquitination and deubiquitination of proteins, certain features of a protein can make it susceptible to degradation. Such features are called degradation signals, or degrons. Varshavsky 32 reported that there was a correlation between specific features of the N-terminal of a protein and the In this pathway, ubiquitinated proteins are recognized and degraded by the 26S proteasome. The steps involved in the breakdown of proteins by this mechanism include 1) activation of ubiquitin by the ubiquitin activating enzyme E1; 2) transfer of ubqiutin to the ubiquitin conjugating enzyme E2; 3) interaction between the substrate protein and the ubiquitin ligase E3; 4) interaction between E2 and E3 resulting in 5) multiubiquitination of the substrate protein; 6) degradation of the ubiquitinated protein by the 26S proteasome; and 7) deubiquitination resulting in the release and reuse of ubiquitin in the pathway. Energy is required for at least two steps in the pathway: activation of ubiquitin by E1 (step 1) and the proteolytic activity in the 26S proteasome (step 6). half-life of the protein, the so-called N-end rule. Subsequent studies provided evidence that certain N-terminal basic amino acids (Arg, Lys, His) and bulky hydrophobic amino acids (Phe, Leu, Trp, Tyr, Ile) made the proteins susceptible to ubiquitination and degradation by the proteasome. Ubiquitination of proteins in the N-end rule pathway is regulated by the ubiquitin-conjugating enzyme E2 14k and the ubiquitin ligase E3␣ (Fig. 2) .
Because most proteins do not have a destabilizing Nterminal under normal conditions, the role of the N-end rule pathway was initially questioned. 33 However, more recent studies using specific E3␣ blockers in cell-free systems suggest that a large portion of muscle proteins can be ubiquitinated in the N-end rule pathway and that proteins in cachectic muscles are degraded by this mechanism. 30, 34 In other studies, increased gene expression of E2 14k and E3␣ provided further evidence for the involvement of the N-end rule pathway in muscle cachexia. 28, 29 In addition to the interaction between E2 14k and E3␣, other "pairs" of enzymes regulating the ubiquitination of proteins have been described. For example, recent studies characterized a novel 18-kDa ubiquitin conjugating enzyme, E2-F1, that acts in concert with the ubiquitin ligase E3L in the ubiquitination of several non-N-end rule protein substrates. 35, 36 Those substrates include actin, troponin T, and MyoD, suggesting that E2-F1 and E3L may be involved in the degradation of muscle proteins. The role of these enzymes in the development of muscle cachexia is not known.
THE 20S PROTEASOME
The 20S proteasome is the catalytic core of the 26S proteolytic complex and is central for the breakdown of ubiquitinated proteins. 21, 22 The 20S proteasome is an abundant particle, making up approximately 1% of cell proteins.
Multiple proteolytic activities have been ascribed to the 20S proteasome, including chymotrypsinlike, trypsinlike, and peptidyl-glutamyl peptidase activities. Interestingly, recent studies suggest that the proteasome active sites regulate each other. 37 The initial and rate-limiting step in the digestion of a polypeptide when it enters the proteasome is the cleavage by a chyomotrypsinlike site. This generates fragments that are cleaved further by the other active sites, including the peptidyl-glutamyl peptidase activity (caspase activity). The chymotrypsinlike activity stimulates the downstream caspase activity, whereas caspase activity inhibits chymotrypsinlike activity. These observations are consistent with a cyclical "bite-chew" mechanism for protein breakdown. 37 The chymotrypsinlike activity initially cleaves ("bites") the polypeptide, thereby stimulating the caspaselike activity. This activation increases further cleavage ("chewing") of the fragments while the chymotrypsinlike activity is temporarily inhibited. When further caspase activity is not possible, the chymotrypsinlike site is reactivated and the cycle is repeated.
In experiments in our laboratory, the activity of isolated 20S proteasomes was determined by measuring the activity against the fluorogenic substrates succinyl-leucine-leucinevaline-tyrosine-7-amido-4-methylcoumarin (LLVY) and N-carbenzoxy-leucine-leucine-glutamate-7-amido-4-methylcoumarin (LLE). These substrates are preferentially hydrolyzed by the chymotrypsinlike and peptidyl-glutamyl peptidase activities of the 20S proteasome, respectively. Sepsis in rats resulted in an approximately 50% increase in proteasome activity against LLVY and a doubling of the activity against LLE in skeletal muscle 38 (Fig. 3) . The involvement of the 20S proteasome in the catabolic response in skeletal muscle was further supported by increased gene expression of several 20S proteasome ␣ and ␤ subunits ( Fig. 4 ) and by inhibition of sepsis-induced muscle Figure 2 . Simplified scheme of the interaction between protein substrate, E2 14k , and E3␣ in the N-end rule pathway. Proteins with a destabilizing N-end (d) are ligated to ubiquitin ligase E3␣. Specific interaction between E3␣ and the ubiquitin conjugating enzyme E2 14k (ubiquitin carrier protein) allows for the transfer and conjugation of ubiquitin to a lysine residue (L) of the substrate protein. This is followed by the conjugation of additional ubiquitin molecules, resulting in a multiubiquitinated protein that is subsequently recognized and degraded by the 26S proteasome. protein breakdown by proteasome blockers. 39 Evidence for increased expression of the 20S proteasome in skeletal muscle has been reported in other catabolic conditions as well, including cancer, 17 burn injury, 40 and metabolic acidosis. 41 
PROTEASOME INHIBITORS
Pharmacologic inhibitors of the proteasome have been available only since 1994. Different types of proteasome inhibitors and their use in cell biology research were reviewed recently. 42 Four classes of proteasome inhibitors have been described: peptide aldehydes, lactacystin/␤-lactone, vinyl sulfones, and dipeptide boronic acid analogs. The peptide aldehydes are reversible inhibitors of the proteasome that block primarily the chymotrypsinlike activity of the proteasome. Other inhibitors, including lactacystin/␤lactone and vinyl sulfones, block the proteasome irreversibly.
Most studies published so far and in which the effects of proteasome inhibitors have been examined have been performed in vitro in cell-free systems, cultured cells, or incubated muscles. In experiments in our 39, 43 and other 44 laboratories, treatment of incubated cachectic rat skeletal muscles with aldehydes (e.g., LLnL) or lactacystin (and its active product ␤-lactone) inhibited protein degradation (Fig.  5) , providing further evidence that muscle cachexia at least in part reflects proteasome-dependent proteolysis. Only a few studies have been reported in which a proteasome blocker was administered in vivo to an intact animal, and in none of those studies was the effect of the proteasome inhibitor on muscle cachexia examined. 45, 46 In recent experiments in our laboratory, treatment of septic rats in vivo with the proteasome inhibitor N-benzyloxycarbonyl-Ile-Glu-(O-t-butyl)-Ala-leucinal (PSI) reduced the sepsis-induced muscle proteolysis and inhibited the chymotrypsinlike proteasome activity. 47 These results are important because they suggest that it may be possible to prevent or treat the catabolic response in skeletal muscle during sepsis (and perhaps other catabolic conditions as well) with a proteasome blocker. An interesting observation reported recently was that treatment of mice with the proteasome inhibitor PS-341 (a boronic acid analog) reduced or even abolished experimental tumors. 46
THE UBIQUITIN-PROTEASOME PATHWAY IN HUMAN SKELETAL MUSCLE
Most previous studies on the role of the ubiquitin-proteasome pathway in muscle cachexia were performed in experimental animals. Several recent studies have been published suggesting that muscle cachexia is associated with upregulated expression of the ubiquitin-proteasome pathway in patients as well. For example, in patients with severe head injury, the catabolic response in skeletal muscle was associated with increased gene expression of the ubiquitinproteasome pathway. 48 In studies in our laboratory, similar results were observed in patients with sepsis 12 and cancer. 17 Other reports in which the ubiquitin-proteasome pathway was examined in human skeletal muscle are summarized in Table 1 . 49 -52 In most but not all conditions, the results were similar in muscles from patients and experimental animals. Thus, ubiquitin-proteasome-dependent proteolysis probably plays an important role in the development of muscle cachexia in different groups of catabolic patients, including patients with severe injury, sepsis, and cancer.
CALCIUM/CALPAIN-DEPENDENT RELEASE OF MYOFILAMENTS
Since the publication of a previous review in this journal that focused on the role of the ubiquitin-proteasome pathway in muscle cachexia, 18 our understanding of other important aspects of the proteolytic process has improved substantially. Because it is mainly the myofibrillar proteins actin and myosin that are degraded in cachectic muscle, 7, 8 an apparently conflicting observation reported previously is that the proteasome does not degrade intact myofibrils. For example, incubation of ovine skeletal muscle with isolated proteasomes did not result in changes indicative of myofibrillar breakdown. 53 In other studies, isolated muscle proteasomes degraded free actin and myosin but not intact myofibrils. 54 These results suggest that actin and myosin need to dissociate from the myofibrils before they can be ubiquitinated (possibly in the N-end rule pathway) and degraded by the 26S proteasome.
To understand this hypothesis, we will briefly review the ultrastructure of skeletal muscle here. The sarcomere, extending from one Z-band to the next, is the rudimentary "contractile unit" of striated muscles (Fig. 6) . The sarcomeres are approximately 2 to 3 m long and 1 to 2 m in diameter and are linked end to end to form long, thin strands known as myofibrils. Many parallel myofibrils together make up a muscle fiber. Current concepts of the architecture and function of the muscle sarcomere were reviewed recently. 55 The Z-disks serve to anchor the myofilaments and to link thin myofilaments (actin) from one sarcomere to the next along the myofibril. Myosin is anchored to the Z-disk by the large protein titin. It is easy to understand, therefore, that disintegration or disruption of the Z-disk may result in the release of actin and myosin. Indeed, in recent experiments in our laboratory, morphologic evidence was found for disintegration of the Z-disk in cachectic muscle from septic rats (Fig. 7) . 56 This effect of sepsis was associated with the release of myofilaments from the myofibrils, determined by measuring the fraction of "easily releasable myofilaments." In the same study, calcium concentrations and the gene expression ofand m-calpain and the muscle-specific calpain p94 were increased in septic muscle (Fig. 8 ). Treatment of septic rats with dantrolene (a substance that inhibits the release of calcium from intracellular stores) prevented the sepsis-induced release of myofilaments. These observations are consistent with a model of muscle cachexia in which an early, calcium-calpain-dependent release of myofilaments from the myofibrils is followed by ubiquitination of the myofilaments (possibly in the N-end rule pathway) and subsequent degradation by the proteasome (Fig. 9 ). This model would also explain why both calcium antagonists and proteasome inhibitors may block protein breakdown in cachectic muscle. Even though dantrolene inhibits the release of calcium from intracellular stores and reduces cytoplasmic calcium levels and the release of myofilaments from the sarcomere, it may also exert anticatabolic effects through other mechanisms as well. For example, treatment of septic mice with dantrolene reduced plasma levels of interleukin-1 and tumor necrosis factor, 57 substances that are at least in part responsible for sepsis-induced muscle cachexia. The model proposed here suggests that increased expression and activity of the ubiquitin-proteasome pathway may be the response to an increased amount of available substrates (released and perhaps modified myofilaments) rather than the cause of muscle cachexia. Interestingly, in early studies, the role of the ubiquitin-proteasome pathway was believed to be breakdown of abnormal and potentially harmful proteins. 58 It may therefore be argued that inhibition of the proteasome in cachectic muscle may cause more harm than good. However, myofilaments released from the sarcomere can be reincorporated into the myofibril 59 (see Fig. 9) , and it is possible that this process is enhanced if the proteasome-dependent breakdown of the myofilaments is inhibited. More studies need to be performed to define the relation between calpain-dependent release of myofilaments and ubiquitin-proteasome-dependent protein degradation and their roles in the development of muscle cachexia. Such studies will be extremely important from a clinical standpoint because they may help develop treatments targeting different levels of the proteolytic process in patients with muscle breakdown.
TRANSCRIPTION FACTORS AND SIGNALING PATHWAYS
Because the catabolic response in skeletal muscle is associated with altered expression of different genes, most notably the genes for ubiquitin, 10,11 several of the proteasome subunits, 12 enzymes involved in the ubiquitination of proteins, 28, 29 and calpains, 56 it is likely that different transcription factors play an important role in the development of muscle cachexia. Little is known about the influence of catabolic signals on transcription factors in muscle tissue. In a previous study, treatment of cultured muscle cells with tumor necrosis factor-␣ resulted in activation of the "inflammatory" transcription factor NF-B. 60 In recent experiments in our laboratory, the expression and activity of the cytosolic glucocorticoid receptor (which acts as a transcription factor after hormone binding) were increased in cachectic muscle from septic rats. 61 In other studies, we have found evidence that DNA binding activity of NF-B, AP-1, and C/EBP (NF-IL6) may be upregulated in septic muscle. 62 Mediators that have been implicated in the development of muscle cachexia include tumor necrosis factor-␣, 63 interleukin-1, 64 glucocorticoids, 11 and a cachectic factor isolated from patients with cancer. 65 Among these factors, glucocorticoids are probably the most important signal substance, and the catabolic effects of some of the other agents, in particular tumor necrosis factor-␣, are mediated by glucocorticoids. 66 It is not known which signaling pathways or transcription factors are activated by the various cachectic mediators. It is possible that multiple transcription factors are activated in catabolic muscle and that an interaction between them is important for the metabolic response. Evidence for cross-talk between transcription factors and between transcription factors and other proteins exists in other cell types 67 and may be important in muscle cells as well. Indeed, recent observations suggest that an interaction between the activated glucocorticoid receptor and AP-1 may regulate myofibrillar protein breakdown in muscle cells. 68 It is likely that more knowledge regarding transcription factors and signaling pathways in cachectic muscle will be generated in the near future, and such knowledge will enhance our ability to prevent or treat muscle cachexia.
CONCLUSIONS
Muscle cachexia is a significant clinical characteristic of patients with severe injury, sepsis, and cancer. The catabolic response in skeletal muscle, mainly reflecting the breakdown of myofibrillar proteins, can give rise to muscle wasting and fatigue that may delay or complicate the recovery in patients with injury and sepsis and contribute to the rate of death and complications in patients with cancer. An understanding of the mechanisms regulating muscle breakdown in these conditions, therefore, has important clinical implications. Studies performed during the past decade have provided insight into the cellular and molecular mechanisms leading to muscle cachexia. Protein degradation in cachectic muscle is regulated by multiple mechanisms and is associated with increased gene expression for several proteolytic pathways, including the calcium-dependent calpain system and the ubiquitin-proteasome pathway. Recent studies in experimental animals suggest that it is possible to reduce the catabolic response in skeletal muscle by interfering with the specific molecular mechanisms underlying increased muscle proteolysis. Such observations are important for the development of therapeutic strategies aimed at reducing the catabolic response in patients with muscle cachexia. Figure 9 . Model of sepsis-induced muscle cachexia. In this model, sepsis results in calcium/calpain-dependent release of myofilaments from the sarcomere. The myofilaments are ubiquitinated in the N-end rule pathway and degraded by the 26S proteasome or reincorporated into the myofibrils. This model offers two levels of possible therapeutic intervention: inhibition of the calcium/calpain-dependent release of myofilaments (e.g., with dantrolene) or inhibition of the ubiquitin-proteasome pathway (e.g.,with proteasome inhibitor).
